Intensity modulated radiation therapy (IMRT) allows optimization of radiation dose delivery to complex tumor volumes with rapid dose drop-off to surrounding normal tissues. A prospective study was performed to evaluate the concept of conformal avoidance using IMRT in canine sinonasal cancer. The potential of IMRT to improve clinical outcome with respect to acute and late ocular toxicity was evaluated. Thirty-one dogs with sinonasal cancer were treated definitively with IMRT using helical tomotherapy and/or dynamic multileaf collimator (DMLC) delivery. Ocular toxicity was evaluated prospectively and compared to a comparable group of historical controls treated with conventional two-dimensional radiotherapy (2D-RT) techniques. Treatment plans were devised for each dog using helical tomotherapy and DMLC that achieved the target dose to the planning treatment volume and limited critical normal tissues to the prescribed dose-volume constraints. Overall acute and late toxicities were limited and minor, detectable by an experienced observer. This was in contrast to the profound ocular morbidity observed in the historical control group treated with 2D-RT. Overall median survival for IMRT treated and 2D treated dogs was 420 days and 411 days, respectively. Compared with conventional techniques, IMRT reduced dose delivered to eyes and resulted in
Introduction
Intensity-modulated radiation therapy (IMRT) exploits the concept of conformal avoidance where the objective of treatment planning becomes avoidance of critical normal structures. Rather than demarcating the treatment area precisely, critical structures can be defined specifically such that radiation to these areas is avoided. 1, 2 Conformal avoidance is essentially an "everything-but" treatment approach and as such creates rapid reduction in radiation dose near sensitive structures.2
Helical tomotherapy is an advanced form of conformal IMRT that also uses image-verification to deliver radiation precisely to the desired target. Image-guided radiation therapy seeks to remove uncertainties associated with anatomic positioning at each treatment by acquiring images of the patient immediately prior to radiation beam delivery.1 -3 Tomotherapy merges a 6 MV linear accelerator, equipped with a binary MLC, and an integrated helical computed tomography subsystem. The tomotherapy unit delivers rotational fan-beam RT and provides megavoltage CT (MV CT) capabilities for patient set-up verification and volumetric image guidance. The strategy of targeting sensitive normal structures for avoidance while effectively treating arbitrarily shaped treatment volumes was not possible before the emergence of IMRT, 2 and was applied in this study.
Radiation therapy, with a tumor prescription of 42-54 Gy in 10-15 fractions, is considered the most effective means of achieving local control of canine sinonasal tumors, with median survival ranging from 8-19.7 months. [4] [5] [6] [7] [8] [9] [10] The overall median survival in 139 dogs with untreated nasal carcinomas was 3.1 months, although in a subset of 32 dogs that did not have epistaxis the median survival was 7.4 months.. 11 As in humans, dose to tumor within the nasal cavity is limited by the tolerance of the eyes and brain. 12 Radiation-induced ocular complications in dogs mimic those observed in humans. [13] [14] [15] [16] Chronic keratoconjunctivitis sicca, corneal ulceration and secondary uveitis, chronic conjunctivitis, cataract formation, radiation retinopathy and optic neuropathy are potential consequences of radiation for doses above 40 Gy. [17] [18] [19] Manifestation of late ocular changes in the dog occur at a typical timecourse 6-9 months following RT and include keratoconjunctivitis sicca and cataract formation. 17, 18 To assess the impact of the improved conformity of IMRT and the concept of conformal avoidance, we evaluated the acute and late ocular complications in dogs with naturally occurring sinonasal cancer treated with tomotherapy. Results were compared to the ocular toxicity observed in a comparable group of historical controls treated with conventional twodimensional (2-D) megavoltage external beam RT using the same dose and fractionation. 5, 20 
Materials And Methods
Between January 2003 and September 2006, 31 client-owned dogs with a biopsy-confirmed sinonasal tumor were treated with IMRT in the context of a phase I/II fixed-dose clinical trial of conformal avoidance. Inclusion criteria included lack of clinical evidence of metastatic disease (N0M0), and no intracranial tumor extension at the time of diagnosis, cataracts, or prior treatment. Concurrent medical therapy was not permitted while dogs participated in the study. Additional therapy was permitted at the time of tumor progression. A modified WHO staging system was used for all dogs including historical controls (Table 1) . 5 Various mixed breed dogs and purebreds were represented, with a median age and weight of 10 years (range 5-13 years) and 24 kg (8.0-60.0 kg), respectively. Thirteen dogs had T1 tumors, 9 had T2, 5 dogs had T3, and the remaining 4 dogs had T4 tumors. Clinical signs were characteristic of nasal disease. Three dogs had facial deformity (3). Histopathologic diagnoses were carcinoma (25) or sarcoma (6) , which were more specifically identified as carcinoma (6) , adenocarcinoma (14) , transitional carcinoma (2), papillary adenocarcinoma (1), undifferentiated carcinoma (1), squamous cell carcinoma (1), spindle cell sarcoma (2) , and chondrosarcoma (4).
Planning CT scans were performed on anesthetized dogs in treatment position using a GE Highlight advantage scanner (General Electric Medical Systems, Milwaukee, WI). With the dog in sternal recumbency, the head and thorax were immobilized in a deflatable mattress (VacLok™, Med-Tec, Orange City, IA) conformed to the body contour of the dog. CT images of the head were acquired in 3-5 mm-thick, contiguous slices to include the nasal cavity and nasal sinuses with a 3-cm margin beyond the cranial and caudal limits of image-detectable gross tumor. Additional 1-3 mm transverse images were acquired through the region of the cribriform plate with high-frequency reconstruction algorithms to rule out cribriform plate involvement. CT images were obtained before and immediately after administration of intravenous contrast medium (2 ml/kg, Hypaque-76; Amersham Health Inc, Princeton NJ).
Magnetic resonance imaging (MRI) was also performed in all dogs prior to starting radiation treatments, which served to ensure lack of intracranial extenstion of tumor. Dogs were imaged in dorsal recumbency at 1.0 T (GE Signa Advantage) with a transmitting and receiving quadrature extremity or head coil. Protocols included T2-weighted and T1-weighted precontrast and postcontrast spin echo images in transverse plane and T1-weighted sagittal and dorsal plane spine echo images postcontrast. 21 The CT data were transferred to a Pinnacle ™ Radiation Therapy Planning computer (Philips Electronics, Andover, MA, USA) for localization and contouring of treatment volumes and critical structures. The primary intent of the planning process was to identify, contour and exclude the ocular globes, lacrimal apparatus and intervening brain from the high radiotherapy dose volume. The clinical tumor volume (CTV) included the gross tumor volume (GTV), subcutaneous tissues where the confines of the sinonasal cavity had been breached and a 1 cm cranio-caudal margin. The planning tumor volume (PTV) included all nasal sinuses where tumor extension was apparent on CT, both right and left nasal cavities and any subcutaneous tissues considered at risk. The PTV included the CTV and an additional 1-cm cranial-caudal margin. This was done to mimic a similar PTV used to treat the historical controls treated with 2-D planning and Cobalt external beam therapy. Overall, the PTV represented a large and irregularly shaped target carved out between and around the ocular globes and brain, thus exploiting the concept of conformal avoidance.
Based on prior studies 5, 20, 22 the prescribed dose was 42 Gy to 95% of the PTV delivered in 10 daily fractions over 2 weeks. The dose-volume constraint for each eye was set at 15 Gy to no more than 60% of ocular volume; dose-volume constraint to brain was set at 20 Gy to no more than 50% of brain volume. The optic chiasm was not in the radiation treatment field. The olfactory bulbs were the only portion of the brain irradiated.
Treatment plans were generated using two different inverse-planning IMRT software systems. Delivery method was determined on a fraction-by-fraction basis and was dependent on equipment availability. The tomotherapy unit was the first clinical unit; therefore dual tomotherapy and DMLC plans were performed for each dog. In the event that the tomotherapy unit was in need of repair, dogs would be treated with DMLC technique to avoid treatment interruptions. Tomotherapy software (TomoTherapy Inc., Madison, WI, USA) was used to optimize plans to be delivered on the tomotherapy unit. The Pinnacle P 3 IMRT (release 6.2) treatment planning system was used to design plans to be delivered by dynamic MLC (120-leaf DMLC) on a Varian 6 MV linear accelerator (Clinac 600C/D, Varian Medical Systems, Palo Alto, CA, USA). DMLC plans were performed on the basis of a seven-beam arrangement. Treatment plans were optimized to produce the best dose-volume histogram (DVH) based on the tumor prescription and normal tissue constraints.
For treatment delivery, dogs were anesthetized and positioned in their customized immobilization mattress. For tomotherapy treatments, MV CT images were obtained with the tomotherapy unit using a 2 to 3 cGy imaging dose just prior to each daily treatment in real time. 23 Images were then aligned with the planning CT to verify accuracy of set-up. Based on image alignment, dogs were repositioned as necessary, in the lateral, longitudinal, vertical, pitch, roll and yaw dimensions after final registration of the images (Figure 1 ). Later upgrades to the software automatically applied roll shifts. Shifts of 1mm or greater were applied without re-imaging, however significant shifts in the pitch, roll or yaw dimensions (>5 degrees) required a second MVCT after repositioning to ensure accurate delivery. For DMLC treatments, orthogonal dorsal-ventral and lateral port films were used to verify isocenter position on the first day of DMLC-based treatment and then as needed to verify positioning. For the dogs that were treated sporadically, orthogonal port films were obtained at each substituted treatment.
Standardized ophthalmic examinations were performed on IMRT-treated dogs prior to RT, at completion of therapy, 2 and 4 weeks post therapy, and then every 3 months thereafter. An American College of Veterinary Ophthalmologist Board-certified veterinary ophthalmologist (P.E.M.) performed the examinations, which included slit-lamp biomicroscopy, indirect ophthalmoscopy, Schirmer tear testing, fluorescein and Rose Bengal staining, and applanation tonometry. Changes were classified as acute if they occurred within 1 month of completion of radiotherapy and late if they occurred after this time.17 Lesions were qualitatively graded on a 0 -4 scale. A score of 0 indicates no abnormality; Grade 1 represents trace changes perceptible only to an experienced observer using magnification and bright focal illumination; Grades 2, 3, and 4 refer to mild, moderate, and maximally severe changes, respectively. Ophthalmic complications were classified further into seven clinical syndromes in accordance with clinical standards of practice19: 1) conjunctivitis and/or blepharitis characterized by conjunctival hyperemia and/or blepharospasm; 2) keratitis, characterized by the presence of lipid corneal degeneration, corneal edema, scarring, pigmentation, and/or corneal vascularization (considered keratoconjunctivitis if associated with conjunctivitis); 3) ulcerative keratoconjunctivitis with or without blepharitis and characterized by fluorescein stain retention; 4) keratoconjunctivitis sicca characterized by a Schirmer tear test less than 10 mm/ min and compatible clinical signs; 5) anterior uveitis characterized by ocular vascular injection, aqueous flare/cell, miosis or an intraocular pressure below normal; 6) presumed radiationinduced cataracts characterized as progressive opacification of the lens from that noted prior to radiation therapy; 7) radiation retinopathy/optic neuropathy characterized by retinal hemorrhages, detachment, degeneration or radiation induced damage to the optic nerve. Categories 1 to 3 were mutually exclusive, and the score that was assigned was the most severe complication manifested in either eye during the entire period of follow-up.
Tumor response and recurrence in dogs treated with IMRT was determined objectively via CT imaging and/or gross tumor measurements. Gross tumor measurements were performed only in dogs with lymph node metastases or with extra-nasal extension according to response criteria guidelines.24 Tumor response was documented per RECIST criteria and all images were evaluated by an American College of Veterinary Radiology Board-certified radiologist (LJF). 24 As a component of this prospective clinical investigation, serial CT scans were scheduled for baseline (prior to radiation therapy) and then at 6 weeks, 3 months, 6 months, 9 months, 12 months, and 18 months following completion of therapy.
Historical data documenting extent of ocular toxicity was available for assessment from a comparable group of client-owned dogs with sinonasal cancer that received conventional twodimensional (2D) megavoltage external beam radiation therapy and follow-up ophthalmic assessments. 5, 20 Dogs in this group were had no treatment prior to radiation therapy and one or both eyes were included in the radiation field in all dogs.
Thirty-six dogs of various breeds were evaluated in the historical control group.5 ,20 Median age and weight were 11 years (range 2.7-14.2 years) and 23.6 kg (range 6.0-50.4 kg), respectively. Four dogs had T1 tumors, 14 dogs had T2 tumors, 4 dogs had T3 tumors and 14 dogs had T4 tumors. Eight dogs had cribriform plate involvement. The median tumor stage was T2 and dogs presented with clinical signs typical of nasal disease. Tumor histologies consisted of 37 carcinomas, 5 sarcomas and included 7 carcinomas, 10 adenocarcinomas, 2 squamous cell carcinomas, 11 anaplastic carcinomas, 5 sarcomas, and one neoplasia of unknown histology.
Computer generated radiotherapy plans based on CT images were utilized for all dogs using a 2D multi-slice software program (Prowess 3000 Radiotherapy Treatment Planning System, SSGI, Chico, CA) and performed as an adaptive forward procedure. Treatment plans were nonuniform in terms of defining the PTV, although the PTV typically included the GTV and a 1 to 3-cm margin from the cranial and caudal limits of image detectable tumor. The eyes and brain were considered sensitive structures at risk. A single isocenter technique was employed using 60 Cobalt γ-ray beams and two orthogonal, or three field arrangements. Beam weights and wedge angle were optimized manually. Using beam's eye view technique, lead block arrangements were added to the fields to limit dose to the contralateral eye and brain without significantly compromising dose to the PTV. Dose heterogeneity at any structure was limited to +15% of the target dose. Similar to the IMRT dogs, the goal was to deliver a prescribed dose of 42 Gy to the PTV in 4.2 Gy daily fractions, 5 days a week. Irradiation was delivered using a Theratron 780 external beam 60 Cobalt unit (Atomic Energy of Canada Ltd., Kanata, Ont., Canada). Orthogonal dorsal-ventral and lateral port films were used to verify treatment field position once weekly or more frequently if needed for verification of position.
After careful review of medical records of these dogs, ocular changes were classified but grading could not be retrospectively applied (Table 3 ). Detailed ophthalmic examinations by a veterinary ophthalmologist were not performed on a standardized and systematic basis; rather examinations were conducted as complications were encountered. Computer generated RT plans were reviewed for the historical control group and dose to the center of each lens was recorded; for the IMRT treated dogs, the mean dose to the eyes were either estimated from the dose volume histogram (DVH) or directly obtained from the treatment plan, when available. Mean dose to the eyes from the two groups were compared by a two-sample t-test. Survival curves were calculated by the Kaplan-Meier method, with confidence intervals obtained from Greenwood's formula inverted to produce confidence intervals for the median. 25 The log-rank test was used to compare survival curves.25 Dogs were censored from survival analysis if they were alive at the time that follow-up was completed (for the survival endpoint) or if they were progression-free at the time follow-up was completed (for the progression-free survival endpoint). The continuity adjusted chi-square test was used to compare groups. A p-value <0.05 was considered statistically significant.
Results
There were more dogs with higher stage tumors in the 2D-RT group compared to the tumors in the IMRT group (p=0.011). There were no statistically significant differences between age (p = 0.19), weight (p =0.88) or tumor histology (carcinoma versus sarcoma, p = 0.58). Table  2 provides a comparison between groups.
Thirty-one dogs qualified for entry into the prospective IMRT study; twenty-five dogs treated with only tomotherapy and 6 dogs with a combination of tomotherapy and DMLC. The median number of treatments with the linear accelerator for the 6 dogs was 3
Based on dosimetric comparisons, IMRT plans were superior to the conventional 2D plans, both in terms of homogeneous dose delivery to the target, and reduced dose to the eyes ( Figure  2) . A steep dose gradient existed around the globes using IMRT, and based on DVH evaluation IMRT planning reduced the dose to ocular structures to within the dose-volume constraints (Figure 3 ).
Twenty-nine of the 31 dogs enrolled in the trial died during the course of the clinical trial. One dog was lost to follow up at 1285 days while 1 dog was still alive at the time of writing (935 days). For the final 5 dogs enrolled, funding provided only for treatment and one 6-week followup evaluation. However, it would be expected that significant ocular effects would be noted by the owner, similar to the historical control dogs, and subsequently evaluated by a veterinarian. Intensity modulated radiation therapy was well tolerated and none of the 31 dogs developed overt vision-impairing complications throughout the follow-up period.
In dogs planned using inverse planning methods and treated with IMRT, 95% of the tumor volume received the planned dose of 42 Gy and less than 60% volume of the globe received more than 15 Gy. The mean dose to the globes was available for 27/31 dogs. In 25 dogs the mean dose was the same for right and left eyes in each dog and was 12 Gy. The mean dose to the eye when all 27 dogs were evaluated was 12.5 Gy, as two dogs received higher dose to the eye ipsilateral to the tumor (14.6 Gy vs. 8.3 Gy; 22 Gy vs. 14 Gy). One dog with periocular tumor extension received 14.6 Gy to that eye and developed keratoconjunctivitis sicca 4 months post treatment. The second dog received a mean dose of 22 Gy to one eye and developed a mature cataract that was noted at necropsy 331 days post therapy. In all dogs that received IMRT, the eyes remained apparently comfortable, visual, and grossly normal in appearance to the pet owner and attending veterinarian throughout the course of the study. Ocular toxicities encountered are summarized in Table 3 . Intensity modulated radiation therapy was well tolerated with only 7 dogs (23%) requiring transient topical ocular therapy for mild ocular or periocular surface disease. Although visual acuity is difficult to objectively evaluate in dogs, 26 gross impairment of the animals' visual performance was not detected.
Of the 14 dogs in which globe evaluation were performed post-mortem, presumed radiationinduced ocular changes were described in 15 of the 27 globes (one globe lost to perforation during removal). Changes to the globes included lymphoplasmacytic or lymphoid conjunctivitis (6), atrophy of the gland of the third eyelid (2), subretinal and intraretinal hemorrhage (2), cataract (6), conjunctival hyperplasia (1), keratitis (2), and retinal perivascular fibrosis (1), and Meibomian gland atrophy (1) . Of the globes with cataracts identified, only 2 globes had a mature cataract while all others had minimal cortical or subcortical cataracts.
In contrast to the dogs treated with IMRT, the incidence of moderate to severe ocular complications in dogs treated with conventional 2D-RT was markedly higher 5, 20 (Table 2 and  Table 3 ). Twenty-four of 36 dogs were evaluated by a veterinary ophthalmologist at least once after cessation of therapy. Of these, thirteen were evaluated on multiple occasions at various time intervals. Unlike the IMRT-treated dogs, only major symptomatic complications were identified. Median follow-up time was 8.1 months (range 0.7 -42 months, mean 11.7 months). The time to development of ocular toxicity was similar to the IMRT treated dogs. Ophthalmic complications resulted in loss of vision in one or both eyes in 56% of dogs; seven dogs were bilaterally blind, 13 dogs were blind in one eye. Twenty-three dogs (64%) experienced symptomatic late ocular effects including chronic KCS, cataracts, retinopathy, or blindness to one or both eyes. Four dogs (11%) eventually required enucleation to alleviate chronic ocular pain or because of corneal perforation. The incidence of late ocular toxicities in the dogs treated with 2D-RT was significantly greater than the incidence of late ocular toxicities in the IMRT group (p = 0.0041).
For the 2D historical control group, the radiation dose to the mid-point of the lens was calculated from the treatment plans for 30 of the 36 dogs and the mean dose to the eyes were 33.6 Gy. Mean dose to 26 blind eyes was 39.06 Gy (range, 16.8-46.8 Gy), and mean dose to 23 sighted eyes was 29.85 Gy (range, 15-48 Gy). Dogs in the 2D historical group received a significantly higher dose to the eyes compared to the dogs treated with IMRT (p = 0.0001).
Maximum tumor response in the IMRT group, as measured by RECIST criteria, included 4 dogs with a complete response (CR), 18 dogs with a partial response (PR), 7 dogs with stable disease (SD), and 2 dogs with progressive disease (PD). Only one dog with CR sustained the response and was lost to follow up at 1285 days. The remaining 3 dogs sustained CR on imaging at 6 weeks, however developed progressive disease over time. Two dogs developed regional lymph node metastases despite lack of disease within the nasal cavity. Twenty-nine dogs died during the course of the study, 86% of them due to disease progression. One dog remains alive over 2.5 years since receiving tomotherapy radiation, however this dog failed local therapy at 317 days and subsequently underwent nasal exenteration. Four dogs died of causes unrelated to progression or treatment of their nasal disease. Post mortem examination was performed on three of the four dogs that died of other diseases. In two dogs, metastatic hemangiosarcoma was confirmed while the third dog died of right heart failure. The remaining dog was euthanized due to severe arthritis; this dog did not have any nasal signs at the time of death. The overall median survival (Fig. 3 ) was 420 days (95% CI, 311d, 781d). The progression free survival (Fig. 3) was 194 days (95% CI, 102d, 340d) . Median survival for dogs with nasal sarcoma was 717 days (95% CI, 470d) with a median progression free survival of 418 days (95% CI, 266d). Outcomes were poorer for dogs with nasal carcinoma, with a median survival of 392 (95% CI, 144d, 770d) and a progression free survival median of 144 days (95% CI, 96d, 318d). This difference was not statistically significant (p = 0.42). Five of the 31 dogs (16%) developed regional lymph node metastasis following radiation therapy. Lymph node extirpation was performed in 3 dogs; one of these dogs was treated subsequently with chemotherapy and died of right heart failure at 1144 days. Of the 14 post mortem evaluations available, 5 dogs had tumor metastasis to other organs, including regional lymph nodes (3), lung (2), liver (2), brain (2), adrenal gland (1), thyroid gland (1), and eye (1).
Due to the retrospective nature of the analysis of the control 2D-treated group, and the lack of systematic follow-up of these dogs, the extent and duration of local tumor control after 2D therapy were difficult to assess. Clinical signs, including epistaxis, nasal discharge, sneezing, stertor and facial deformity, resolved with radiotherapy in all control dogs. Median survival time for this cohort was 411 days, (95% CI, 288d, 648d), nearly identical to that observed for the IMRT group (p = 0.71).
Discussion
There has been an ever-spreading worldwide implementation of IMRT and image guided techniques and numerous planning studies that document improved dosimetry over conventional techniques. [27] [28] [29] [30] [31] [32] [33] [34] Clinical data validating the superiority of IMRT over conventional CRT techniques has been shown, particularly in the treatment of human head and neck cancer. [35] [36] [37] [38] [39] IMRT clinical studies reported thus far include both acute and late toxicities as data has matured. 12, 35, 36, [40] [41] [42] [43] [44] This study was predicated on detailed definition of avoidance structures and treatment of a generalized PTV, treating the sinonasal region as a cavity. This is analogous to many human situations, particularly head and neck cancers. From a treatment planning perspective, it is simpler to identify the avoidance regions precisely and define the PTV in broad terms, even to the extent of quantifying it as everything but the avoidance structure". A conformal avoidance paradigm is commonly used in human radiation therapy practice, but the present study demonstrates its probable benefits with respect to the development of late toxicity.
In the present study, IMRT results in improved ocular sparing and a more favorable ocular side effect profile than with 2D-RT. IMRT was associated with a drastic diminution in the incidence of both acute and late ophthalmic toxicity. Due to the anatomic relationship between the PTV and the eyes in canine and human patients with sinonasal cancer, the eyes represent the dose limiting structures for dogs and humans. In ocular injury studies in the dog, the manifestation and progression of late ophthalmic complications occur by 6 to 9 months after radiation. 17 Ocular changes develop along a relatively predictable time course: blepharitis, keratoconjunctivitis and corneal epithelial injury occur at 1 month or less post irradiation; at 3-6 months post RT, retinal hemorrhage and retinal degeneration begin to develop; retinal lesions progress while cataract formation develops at 6 months post irradiation. 17 The data obtained in this study correlate with changes identified previously, aided by the frequent ophthalmic examinations.
Most dogs did not experience any significant ocular toxicity secondary to IMRT radiation. In fact, 61% of dogs did not experience any ocular side effects. Seven dogs (23%) developed acute conjunctivitis following radiation therapy, however it is likely that this number is higher than in the control group simply due to frequent, enforced ophthalmic examinations. None of these dogs would have been evaluated by a veterinarian for conjunctivitis had follow up not been provided. Late toxicity occurred in 8/31 (26%) of dogs and consisted of keratoconjunctivitis sicca (3 dogs, 10%), cataracts (5 dogs, 16%), retinopathy (4 dogs, 13%), and keratitis (3 dogs, 10%). While less than half of the dogs underwent post mortem examination, histologic changes to the globe indicate that radiation-induced changes develop, but may not be clinical significant. In stark contrast, toxicity secondary to 2D-RT observed in the historical control dogs caused significant ocular morbidity. Control dogs had higher rates of late toxicity with 64% of dogs experiencing anterior uveitis, keratoconjunctivitis sicca, cataracts, and retinopathies. The two groups of dogs were similar with respect to tumor location and radiation treatment dose and fractionation regimen. While dogs receiving 2D-RT were more likely to have T4 tumors compared to the dogs receiving IMRT, that was not unexpected given our inclusion criteria, which were devised such that long term follow-up would be feasible. Nasal tumor stage T4 includes tumors that have invaded through the cribriform plate or involve the nasopharynx, which would not have altered the dose to the eyes with a 2D-RT treatment plan at our institution. The eyes are located in such close proximity to the nasal cavity that the authors feel this difference in stage, while it may impact overall survival following radiation therapy, does not impact the difference seen in the incidence of late ocular toxicity. Although only the dogs treated with IMRT were evaluated on a prospective basis, the disparity in clinical outcome between the two groups in this study suggests that IMRT was effective at reducing the frequency and severity of ophthalmic complications. These results support the recent observations in which minimal acute ocular toxicity occurs in human patients with sinonasal cancer treated with IMRT. 12, 41 , 43 The primary endpoints of this study were to evaluate the benefit of IMRT practices to critical structures adjacent to a complex tumor volume. While tumor response and survival times were documented, these were secondary endpoints in the study. The median progression free survival and median survival times reported herein (194 days and 420 days) are comparable to other reports. [4] [5] [6] [7] [8] [9] As with many retrospectively collected reports, it is difficult if not impossible to make conclusions regarding differences in survival times between groups, as dogs in both groups were eligible to pursue a variety of treatments following progression of their nasal tumors. This factor makes median survival time a less relevant endpoint for many canine studies. It was not surprising that the dogs in this prospective study had similar outcomes to previous reports, as dose escalation or IMRT boost therapy were not attempted. The lower treatment-related toxicity associated with IMRT provides a theoretical opportunity for tumor dose escalation without increasing the fraction numbers. 32 , 45 -47 This should translate into an improvement in likelihood of tumor control. There is a dose-response relationship for nasopharyngeal tumors in people and a typical tumoricidal dose of 60-70 Gy delivered with conventional fractionation yields an overall local control rate near 80%.48 -50 Late toxicities in people are dose limiting and efforts have focused on increasing tumor control probability (TCP) via simultaneous boost with stereotactic surgery or IMRT techniques. In two studies, patients that were dose-escalated to a total prescribed dose of at least 10 Gy exceeding the conventional dose (70 Gy) experienced improved local disease control. 51, 52 It is possible that similar strategies could be employed in canine sino-nasal tumor patients, however acute and late toxicities may increase and be considered unacceptable. In canine nasal tumor radiation studies, conventional doses of definitive radiation therapy have ranged from 42 Gy to 54 Gy without an improvement in outcome at higher overall doses.5 -11 Additional fractionation schemes utilizing low-dose per fraction as per curative intent protocols and protocols employing a simultaneous boost dose via IMRT or stereotactic radio-surgery that ultimately deliver 70 Gy or higher may be needed to increase control of canine nasal tumors
In a recently published canine dosimetric study, simultaneously integrated dose boosts delivered with tomotherapy were delivered to increase the estimated TCP without markedly increasing the average dose to the eyes and brain. 56 The high conformity of dose distribution with IMRT systems requires great accuracy and reproducibility in target localization and patient set-up to avoid geographic miss of tumor or overdose of sensitive structures. Theoretically, helical tomotherapy effectively addresses this challenge due to its real time tomographic imaging capabilities conferred by the CT component of the tomotherapy unit. 2, 23, 46, 53 Future clinical studies will address the use of dynamic planning and escalated doses to areas at risk for persistent or recurrent disease. 54 It is important to note that image-guidance is essential if the concept of conformal avoidance is implemented in the clinic. Conformal avoidance implies that the patient must be positioned accurately to maintain the high dose gradient in the appropriate location as opposed to adjacent normal tissue. Conventional techniques of assessing patient positioning, such as weekly orthogonal portal radiographs do not suffice; rather more frequent and careful monitoring is required to avoid geographic miss. Image-guidance seeks to remove uncertainties associated with patient positioning at each treatment, allowing a decrease in the PTV. The PTV as described herein may have been excessive for dogs treated with IMRT, given that both nasal cavities in their entirety were included in the target volume to be treated. In a recent assessment of potential inaccuracies of daily set-up positioning, as evaluated by the translational, longitudinal, vertical, pitch, roll and yaw deviations in 10 of the dogs reported here that were treated with tomotherapy. 55 That study supported the use of daily image guidance to ensure accurate delivery of IMRT distributions and avoid a potential geographic miss decreasing the probability of tumor control. 55 Overall, use of IMRT drastically reduced the frequency and severity of acute and late ocular toxicity as compared to that seen with conventional 2D-RT delivery. Image guided IMRT techniques may be applied to many canine and feline cancers and future studies will hopefully corroborate the theoretical benefit of tumor control and the patient's overall quality of life. Future prospective studies may help evaluate the existence of a dose-response relationship for canine tumors, and specifically nasal tumors, and ultimately lead to improved local control and outcome. Typical IMRT isodose distributions and dose volume histogram are shown. The IMRT plan shown was designed using helical tomotherapy treatment planning software. The red line represents the PTV, and yellow, lime green and blue lines represent the left eye, right eye and brain, respectively. Kaplan-Meier survival curves for the IMRT and control group of dogs and progression free survival curve for the IMRT cohort of dogs. The median PFS and median survival time (MST) for dogs receiving IMRT were 194 and 420 days, respectively. The MST for dogs after 2D radiation therapy was 411 days. Vertical hatch marks denote censorings. Table 1 World Health Organization Staging protocol for canine sinonasal tumors.
Modified WHO Stage Tumor Characteristics

T1
Confined to one nasal passage or paranasal sinus, with no bony involvement T2 
